cAMP-responsive element in TATA-less core promoter is essential for haploid-specific gene expression in mouse testis by Somboonthum, Pranee et al.
cAMP-responsive element in TATA-less core
promoter is essential for haploid-specific
gene expression in mouse testis
Pranee Somboonthum, Hiroshi Ohta, Shuichi Yamada
1, Masayoshi Onishi,
Akiko Ike, Yoshitake Nishimune and Masami Nozaki*
Department of Science for Laboratory Animal Experimentation, Research Institute for Microbial Diseases,
Osaka University, Suita, Osaka 565-0871, Japan and
1Department of Cell Biology, Institute for Virus Research,
Kyoto University, Kyoto 606-8507, Japan
Received April 11, 2005; Revised and Accepted May 23, 2005
ABSTRACT
Promoters, including neither TATA box nor initiator,
have been frequently found in testicular germ cell-
specific genes in mice. These investigations imply
that unique forms of the polymerase II transcription
initiation machinery play a role in selective activation
of germ cell-specific gene expression programs
during spermatogenesis. However, there is little
information about testis-specific core promoters,
because useful germ cell culture system is not avail-
able. In this study, we characterize the regulatory
region of the haploid-specific Oxct2b gene in detail
by using in vivo transient transfection assay in
combination with a transgenic approach, with elec-
trophoretic mobility shift and chromatin immuno-
precipitation assays. Expression studies using
mutant constructs demonstrate that a 34 bp region,
which extends from  49 to  16, acts as a core pro-
moter in an orientation-dependent manner. This
promoter region includes the cAMP-responsive
element (CRE)-like sequence TGACGCAG, but con-
tains no other motifs, such as a TATA box or initiator.
The CRE-like element is indispensable for the core
promoter activity, but not for activator in testicular
germ cells, through the binding of a testis-specific
CRE modulator transcription factor. These results
indicate the presence of alternative transcriptional
initiation machinery for cell-type-specific gene
expression in testicular germ cells.
INTRODUCTION
Spermatogenesis is a cyclic and continuous process through
which spermatogonia undergo proliferation and differentiation,
to give rise to mature spermatozoa. Each differentiation step
requires the expression of a speciﬁc set of precisely regulated
genes,someofwhichareexpressedexclusivelyintesticulargerm
cells. Many testicular germ cell-speciﬁc genes are paralogues of
genes that are expressed ubiquitously (1). It has also been repor-
ted that more functional intronless paralogues are expressed in
pachytene spermatocytes and spermatids than in any other tissues
(2–4). Intronless genes are considered to be retroposons derived
from paralogues, or ancestral genes, that carry introns. It is gen-
erally the case for retroposons that the inserted cDNA which is
reverse-transcribed from the mRNA cannot be expressed in any
tissue, because the mRNAs lack a promoter in the 50-ﬂanking
sequence of the genomic DNA. This indicates that an upstream
sequence, which has no intrinsic promoter activity, has been
adapted to function as a promoter. This prediction implies that
testicular germ cells provide the appropriate environment for
retroposon transcription, which facilitates gene expression
from promoter-like sequences. It appears that the rules that gov-
ern gene transcription during later stages of spermatogenesis are
drastically different from those in other cell types.
The expression of certain haploid-speciﬁc genes depends on
TATA-containing core promoters (5–9). RNA polymerase II
(Pol II), TFIIB and TATA-binding protein (TBP) accumulate
in round spermatids, while the amount of mRNA increases
in the testis (10,11). Although the overexpression of the TBP
gene has been implicated in the transcription of all the TATA-
dependent genes in haploid germ cells, it does not account for
the speciﬁcity of haploid-speciﬁc gene expression. In this con-
text, the cAMP-responsive element (CRE) is present upstream
*To whom correspondence should be addressed. Tel/Fax: +816 6879 8339; Email: mnozaki@biken.osaka-u.ac.jp
Present address:
Hiroshi Ohta, Laboratory for Genomic Reprogramming, Center for Developmental Biology, RIKEN, Kobe, Hyogo 650-0047, Japan
  The Author 2005. Published by Oxford University Press. All rights reserved.
The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access
version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press
areattributedastheoriginalplaceofpublicationwiththecorrectcitationdetailsgiven;ifanarticleissubsequentlyreproducedordisseminatednotinitsentiretybut
only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oupjournals.org
Nucleic Acids Research, 2005, Vol. 33, No. 10 3401–3411
doi:10.1093/nar/gki652of the TATA box in these TATA-dependent haploid-speciﬁc
promoters. The testis-speciﬁc activator isoform of the CRE
modulator (CREMt) upregulates promoter activity in sperm-
atids through CRE binding (12), and spermatogenesis in male
CREM-nullmice stopsatthestageofearlyspermatids(13,14).
The ACT co-activator binds and modulates CREMt, and
this complex activates transcriptional initiation around the
TATA box (15). Recently, it is demonstrated that CREMt
can upregulate the TATA-less promoter through association
with TBP-like factor (TLF/TRF2/TLP) and TFIIA general
transcription factors (GTFs) (16). In addition, many gene
that are transcribed speciﬁcally in haploid spermatids use
CRE-containingTATA-independentpromoters,whichinclude
Tact1, Tact2, actin-capping protein a and OAZt (17–19). The
initiator (Inr) is also capable of directing accurate transcription
initiation of the Pol II promoter, in combination with the
Sp1-binding site or the downstream promoter element in
TATA-less promoters (20,21). However, some TATA-less
haploid-speciﬁc promoters lack Inr, which implies that
the machinery of initiation complex formation is unique to
haploid-speciﬁc transcription.
In this study, we used the gene that encodes the testicular
isoform of succinyl CoA 3-oxoacid CoA transferase (Oxct2b)
as a model system for haploid spermatid-speciﬁc regulation.
The Oxct2b gene consists of a single exon and is expressed
exclusively during spermatid differentiation (22,23). No
TATA or CCAAT boxes, Sp1-binding motif and typical Inr
element were found in the upstream region of the gene (23).
The promoter structure of the gene enables the study of the
unique molecular mechanisms that underlie the regulation of
postmeiotic gene expression. We show that the  49/ 16
region, which contains a CRE-like motif (Oxct2b-CL), is
indispensable as a core promoter but not as an enhancer ele-
ment for Oxct2b gene transcription. This core promoter binds
testis-speciﬁc CREM factor through Oxct2b-CL. We propose
that the combination of CRE-like motif in the core promoter
and testicular CREM plays an essential role for transcriptional
initiation in the haploid germ cells.
MATERIALS AND METHODS
Reporter constructs
For the transgenic analysis, the 600 bp genomic DNA
fragment, that extends 566 bp upstream and 35 bp downstream
of the transcriptional start site of the Oxct2b gene, was
ampliﬁed by PCR from a genomic clone (23), using an
upstream BglII site-containing primer and a downstream
HindIII site-containing primer (Table 1). PCR was performed
with 200 ng of template DNA in 100 ml of reaction mixture
[1 mM of each primer, 800 mM dNTPs, 1· reaction buffer
and 1 U of Taq DNA polymerase (TaKaRa Biomedical)].
The PCR conditions consisted of an initial denaturation step
at 95 C for 3 min, followed by 30 cycles at 94 C for 1 min,
at 60 C for 1 min and at 72 C for 1.5 min. After digestion
with BglII and HindIII, the ampliﬁed fragment was sub-
cloned into the BglII and HindIII sites of the pEGFP-1 vector
(Clontech), to generate the  566/+35EGFP construct. The
 103/ 16EGFP construct was cloned in a similar manner
into the pEGFP-1 vector, using a primer pair that introduced
BglII and HindIII sites at the 50 and 30 ends, respectively
(Table 1).
A series of Oxct2b upstream deletion constructs, which
included  932/+35Luc,  566/+35Luc,  389/+35Luc,  256/
+35Luc,  103/+35Luc,  50/+35Luc,  389/+5Luc,  389/
 16Luc,  389/ 50Luc and  566/ 50Luc, were cloned into
pGL3-Basic (Promega), using primer pairs that introduced
BglII and HindIII sites at the 50 and 30 ends, respectively
(Table 1).
The D 49/ 16Luc construct was generated by intro-
ducing a synthetic oligonucleotide that contained HindIII
restriction sites at either end and extended from  15 to
+35 into the HindIII site of  566/ 50Luc. The  389/ 49/
 16Luc,  389/ 16/ 49Luc and CLmut constructs were
generated by introducing a synthetic oligonucleotide that
contained HindIII restriction sites at either end and extended
from  49 to  16 into the HindIII site of  389/ 50Luc. The
 49/ 16( 389/ 49/ 16)Luc and  16/ 49( 389/ 49/ 16)
Luc constructs, or the  49/ 16(CLmut) and  16/ 49
(CLmut) constructs, were generated by introducing a synthetic
oligonucleotide that contained BglII restriction sites at either
end and extended from  49to  16into the BglII siteof  389/
 49/ 16Luc or CLmut, respectively. For the standardization
of the in vivo electroporation, the OAZt-pRL construct was
generated by cloning the testis-speciﬁc ornithine decarbo-
xylase antizyme (OAZt) promoter into the pRL-Null vector
(Promega) (18). All the constructs were conﬁrmed by restric-
tion enzyme digestion and DNA sequencing. Plasmid DNA
was puriﬁed using QIAGEN columns (Qiagen).
Table 1. The oligonucleotides used for PCR
Construct Forward oligonucleotides Reverse oligonucleotides
 566/+35EGFP 50-NNAGATCTCAGCAGGGAAGCCTGTTTCC-30 50-CTGAAGCTTAGCTCCGGGACAGAGAGAGA-30
 103/ 16EGFP 50-NNAGATCTCAGGAATGGCCAAGGGTGTC-30 50-CTGAAGCTTTCTGCGCTGCGTCACAGAG-30
 932/+35Luc 50-NNAGATCTCTCCAGGACTTAGCAGGGAG-30 50-CTGAAGCTTAGCTCCGGGACAGAGAGAGA-30
 566/+35Luc 50-NNAGATCTCAGCAGGGAAGCCTGTTTCC-30 50-CTGAAGCTTAGCTCCGGGACAGAGAGAGA-30
 389/+35Luc 50-NNAGATCTGGGCAGGGGTCACTCTAAGT-30 50-CTGAAGCTTAGCTCCGGGACAGAGAGAGA-30
 256/+35luc 50-NNAGATCTGGATCCTAACCTGGAACTGC-30 50-CTGAAGCTTAGCTCCGGGACAGAGAGAGA-30
 103/+35Luc 50-NNAGATCTCAGGAATGGCCAAGGGTGTC-30 50-CTGAAGCTTAGCTCCGGGACAGAGAGAGA-30
 50/+35Luc 50-NNAGATCTAGTGTCCACCTCCCTGCTCT-30 50-CTGAAGCTTAGCTCCGGGACAGAGAGAGA-30
 389/+5Luc 50-NNAGATCTGGGCAGGGGTCACTCTAAGT-30 50-CTGAAGCTTGCACTTTGGCAGAGCAGCG-30
 389/ 16Luc 50-NNAGATCTGGGCAGGGGTCACTCTAAGT-30 50-CTGAAGCTTTCTGCGCTGCGTCACAGAG-30
 389/ 50Luc 50-NNAGATCTGGGCAGGGGTCACTCTAAGT-30 50-CTGAAGCTTTGCCAGGGATGGTCGTGGGT-30
 566/ 50Luc 50-NNAGATCTCAGCAGGGAAGCCTGTTTCC-30 50-CTGAAGCTTTGCCAGGGATGGTCGTGGGT-30
Primers for transgenic mouse analysis
 103TG, 50-CAGGAATGGCCAAGGGTGTCCT-30 EGFP-N, 50-CGTCGCCGTCCAGCTCGACCAG-30
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The enhanced green ﬂuorescent protein (EGFP) constructs
described above were digested using BglII and AﬂII. The
inserted fragments, which included the Oxct2b upstream
region, the EGFP gene and the SV40 polyadenylation
[poly(A)] signal, were resolved by agarose gel electrophoresis
and puriﬁed using glass beads (Qiaex; Qiagen). The excised
DNA fragments were injected into the male pronuclei
of C3HxC57BL/6 F1 eggs. Transgenic founders from the
microinjected eggs were identiﬁed by PCR using the primer
pair  103TG/EGFP-N (Table 1), and the founders were mated
with the C57BL/6 mice. The positive male offspring from this
cross were used in subsequent experiments.
Histological analysis
Fluorescent stereoscopic photographs were taken of whole
testes from transgenic adult mice. Histological analyses
were performed as described previously (24).
In vivo electroporation assay
The reporter DNA fragments that contained the Oxct2b
upstream region, ﬁreﬂy luciferase gene and SV40 poly(A)
signal were ampliﬁed from the recombinant luciferase con-
structs by PCR using oligonucleotide pair 50-CTAGCAAA-
ATAGGCTGTCCCC-30 (RV primer3) and 50-GACGATAG-
TCATGCCCCGCG-30 (RV primer4), which correspond to
regions 4760–4779 and 2061–2080 of the pGL3-Basic vector,
respectively. DNA fragments for standardization, which con-
tained the OAZt promoter, the Renilla luciferase gene and the
SV40 poly(A) signal, were ampliﬁed from OAZt-pRL by PCR
using the primer pair 50-TTTGCTCACATGGCTCGAC-30
(RL5) and 50-CGCACATTTCCCCGAAAAGT-30 (RL3),
which correspond to regions 3291–3310 and 1511–1530 of
the pRL-Null vector, respectively. The PCR conditions
were as described above except for annealing condition,
which was performed at 56 C for 1 min. The PCR products
were puriﬁed using SUPREC -PCR (TaKaRa Biomedical).
Foreachtransfection,12mlofamixture[thatcontained5mg
of each PCR reporter product, 5 mg of the OAZt-pRL PCR
product, 100 mM of general caspase inhibitor (Z-VAD-FMK;
R&D Systems, Inc.) and 0.1 mg/ml of trypan blue (Nacalai
Tesque)] was injected through the efferent duct into the
seminiferous tubules (25). Electron pulses were delivered by
an electric pulse generator (electroporator CUY-21; Tokiwa
Science). The testes were immobilized between a pair of
tweezers-type electrodes (CUY-650; Tokiwa Science) and
square-form electric pulses were applied eight times in four
different directions at 40 V for 50 ms, at intervals of 950 ms.
The transfected testes were collected for the luciferase assay
16–20 h after this operation. The preparation of the germ cell
fraction and the luciferase assays were performed as described
previously(25).Allassayswere performedatleastthreetimes.
Electrophoretic mobility shift assay
The mouse testicular germ cell fraction was collected essen-
tially as described previously (25,26). The germ cells were
suspended in 3 ml of buffer A [10 mM HEPES–KOH (pH 7.8),
0.1 mM EDTA, 10 mM KCl, 0.1% NP-40, 1 mM dithiothreitol
(DTT), 0.5 mM phenylmethlysulfonyl ﬂuoride (PMSF),
2 mg/ml aprotinin, 2 mg/ml pepstatin and 2 mg/ml leupeptin]
before being incubated for 15 min at 4 C. The solution was
mixed by gentle vortexing at 4 C for 5 min and was centri-
fuged at 2300 g for 5 min at 4 C. Nuclear protein extracts were
prepared from testis germ cell fraction and liver cells, essen-
tially as described previously (27). The nuclear pellets were
washed in buffer A and resuspended in 1 ml (testis) or 2 ml
(liver) of buffer C [50 mM HEPES–KOH (pH 7.8), 420 mM
KCl, 0.1 mM EDTA, 5 mM MgCl2, 2% glycerol, 1 mM DTT,
0.5 mM PMSF, 2 mg/ml aprotinin, 2 mg/ml pepstatin and 2 mg/
ml leupeptin]. The suspension was rotated slowly for 30 min at
4 C. The resultant nuclear lysates were centrifuged at 13 000 g
for 15 min (testis) or 30 min (liver) at 4 C. The supernatants of
the nuclear extracts were aliquoted, frozen in liquid nitrogen
and stored at  80 C until use. Protein concentrations were 3–
10 mg/ml.
The synthetic oligonucleotides (10 nmol; Table 2) were
annealed to produce a double-stranded DNA fragment with
extruding GG-dinucleotides at the termini. Each DNA frag-
ment was labeled with 5-amino-propargyl-20-deoxycytidine
50-triphosphate coupled to Cy5.5 ﬂuorescent dye (Cy5.5-
AP3-dCTP, FluoroLink Cy5.5-dCTP; Amersham Pharmacia
Biotech) using the Klenow fragment of DNA Pol I. The bind-
ing reactions were performed by incubating 5 mg of nuclear
extract and 300 fmol of Cy5.5-labeled probe, with or without
competitor, for 30 min at room temperature in 10 ml of binding
buffer [20 mM HEPES–KOH (pH 7.8), 31 mM KCl, 80 nM
EDTA, 8% glycerol, 1 mM DTT, 0.5% Tween-80, 0.2 mgo f
poly(dI–dC)]. For the supershift assay, 200 ng of antibody was
added after the binding reaction and the mixture was incubated
for a further 10 min at room temperature. Rabbit polyclonal
anti-CREM [CREM-1 (X-12): sc-440], rabbit polyclonal anti-
AP-2a [AP-2a (C-18): sc-184] and mouse monoclonal anti-
CREB [CREB-1 (240): sc-58] antibodies were purchased from
Santa Cruz Biotechnology. The samples were loaded onto 5%
polyacrylamide gels made in 0.5· TAE [50 mM Tris–HCl
(pH 8.0), 30 mM sodium acetic acid and 10 mM EDTA].
Electrophoresis was performed at 4 C at 250 V for 40 min.
Gel imaging was carried out using the Odyssey Infrared
Imaging System (LI-COR) at a wavelength of 700 nm.
Chromatin immunoprecipitation (ChIP) assay
The ChIP assay was performed with modiﬁcations to the pro-
tocol described by the manufacturer (Upstate Biotechnology)
and Sakakibara et al. (28). The collected germ cell fraction
described above was cross-linked in vivo in 1% formaldehyde
in phosphate-buffered saline (PBS) at 37 C for 10 min with
slow rotation. The cross-linked germ cells were pelleted by
centrifugation at 2300 g for 4 min at 4 C and were washed
twice in ice-cold PBS containing 0.5 mM PMSF, 2 mg/ml
Table 2. The oligonucleotides used for EMSA
Fragment (location) Sequence
a
1( 50/ 10) 50-GGAGTGTCCACCTCCCTGCTCTG-
TGACGCAGCGCAGAGCGCTG-30
2( 50/ 31) 50-GGAGTGTCCACCTCCCTGCTCT-30
3( 40/ 20) 50-GGTCCCTGCTCTGTGACGCAGCG-30
4( 30/ 10) 50-GGGTGACGCAGCGCAGAGCGCTG-30
aTheunderlinedGGarerecesseddinucleotidesat50 endusedforCy5.5labeling.
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on ice for 10 min, and were then disrupted by Dounce homo-
genization. The nuclei were collected by low-speed centrifu-
gation and were then incubated with 50 U of micrococcal
endonuclease (TaKaRa Biomedical) in 400 ml of micrococcal
nucleasebuffer for20minat37 CtodigestchromosomeDNA
into fragment <1 kb. Digested chromatin was immunoprecip-
itated with 1 mg of the anti-CREM or anti-CRE-binding (anti-
CREB) antibodies overnight with rotation at 4 C. To collect
the immune complexes, a salmon sperm DNA/protein A–
agarose slurry was added to the mixture, which was incubated
for 1 h with rotation at 4 C. The precipitated matrix was
washed with various washing buffers according to the manu-
facturer’s recommendations. The immune complexes were
eluted from the protein A–agarose beads by the addition of
elution buffer (1% SDS in 0.1 M NaHCO3) and rotation at
room temperature. The eluted solution (500 ml) was treated
with 20 ml of 5 M NaCl before being heated to 65 C for 5 h
to reverse CREM– or CREB–DNA cross-linking. DNA was
puriﬁed using proteinase K treatment followed by phenol/
chloroform/isoamyl alcohol (25:24:1) extraction and ethanol
precipitation. Input DNA and immunoprecipitated DNA were
analyzed by PCR using the primer pair 50-GCTCACTGC-
CATTTGTCAGC-30 ( 181/ 162) and 50-AGCTCCGGGA-
CAGAGAGAGA-30 (+35/+16), which are speciﬁc for the
Oxct2b promoter sequence. The PCR products were analyzed
by electrophoresis on 2% agarose gels.
RESULTS
The 0.6 kb 50-upstream sequence of the Oxct2b gene
is responsible for haploid spermatid-specific
expression in transgenic mice
The Oxct2b gene is expressed in late spermatids in the testis
(22). To determine the genomic region that is responsible for
haploid-speciﬁc Oxct2b expression, transgenic mouse lines
were generated by using  566/+35EGFP (Figure 1A). Of
the six founder lines that were established, almost all (49/52)
ofthetransgenic male pups expressedthe EGFP reporter gene.
Green ﬂuorescence was observed in the seminiferous tubules
of the testes of the transgenic mice, but not in the other tissues
examined (Figure 1B and C). No EGFP signals were observed
in non-transgenic littermates. To determine which cell type
expressed the reporter gene, the testes of  566/+35EGFP
transgenic mice were examined histologically. The EGFP sig-
nalswerefaint intheinnerlayersoftheseminiferoustubules at
stage IX, but were strong at other stages (Figure 1D). These
strong signals were restricted to elongating and elongated
spermatids, and were not observed in spermatogonia, sperma-
tocytes, round spermatids or in any other non-spermatogenic
cells within the testis (Figure 1D). The EGFP expression pat-
tern was in good agreement with the expression pattern of the
endogenous Oxct2b transcripts described previously (22).
These results conﬁrm that the 0.6 kb, 50-upstream sequence
issufﬁcientforhaploid-speciﬁcexpressionoftheOxct2bgene.
The two Oxct2 genes, Oxct2a and Oxct2b, are virtually ident-
ical and are expressed simultaneously in the haploid sperm-
atids of mice (23), which indicate that regulatory mechanisms
of these two genes are equivalent. The 50-ﬂanking sequences
of the two murine Oxct2 genes are highly homologous and
encompass severalputative regulatory elements, although they
lack the TATA box, CCAAT box and canonical Inr (Figure 2).
Identification of a core Oxct2b promoter by in vivo
transient transfection
Detailed functional analyses of promoters are usually carried
out using cultured cells that transcribe the gene of interest.
However, a culture system for spermatogenic cells is not cur-
rentlyavailable.Inthis study,toidentifythe essential elements
for Oxct2b transcription in the male germ cells, we used an
in vivo transient transfection technique in testicular germ cells,
as described previously (24,25). We introduced PCR products
that contained Oxct2b promoters fused to a luciferase reporter
into testicular germ cells using a combination of DNA injec-
tion into the seminiferous tubules and subsequent in vivo
electroporation. We made a series of 50-deletion constructs
and tested their promoter activities. As shown in Figure 3A,
deletions that extended up to  932 or to  389 resulted in no
signiﬁcant reduction in promoter activity compared to  566/
+35Luc, which is the upstream region that was used for the
transgenic analysis. Further deletions from  389 to  256,
 256 to  103 and  103 to  50 resulted in stepwise reduc-
tions of the luciferase activity of  566/+35Luc to 61, 37 and
Figure 1. Expression of the EGFP reporter gene in the testes of transgenic
mice. (A) Schematic illustration of the  566/+35EGFP construct used to
generate transgenic mice. The reporter construct contains the region 566 bp
upstream and 35 bp downstream of the transcription initiation site (bent arrow
at+1)oftheOxct2bgene,thecodingsequenceoftheEGFPgeneandtheSV40
poly(A)signals.(B)Fluorescenceand(C)bright-fieldimagesoftheabdominal
cavity of an adult  566/+35EGFP transgenic mouse. EGFP fluorescence is
visibleonlyinthetestes.(D)EGFPfluorescenceinsectionsoftransgenictestes.
The small roman numerals indicate the stages of the seminiferous tubules.
3404 Nucleic Acids Research, 2005, Vol. 33, No. 1016%, respectively. These data suggest that the 339 bp region
from  389 to  50 is required for high-level promoter activity
intesticulargerm cells. Inaddition, 50/+35Luc showed basal
promoter activity, because luciferase activity produced by this
construct was 2-fold higher than that of the promoter-less
pGL3-Basic vector.
The Oxct2bpromoter contains the CCAAAGT motif,which
is similar to the Inr consensus sequence of PyPyANA/TPyPy
(29) that surrounds the transcription initiation site, but lacks a
TATA box (Figure 2). The functions of several Inr-containing
promoters that lack TATA boxes are supported by important
downstream sequences (25). To investigate whether the inter-
genic region of the Oxct2b gene also contributes to the pro-
moter activity of this gene, we generated several 30-deletion
constructs and examined their promoter activities using
in vivo transient transfection. As shown in Figure 3B, the
construct that contained a 51 bp deletion to position  16,
which included the downstream region and transcription
initiation site of the gene, showed no signiﬁcant reduction
in promoter activity. A further 34 bp deletion, which removed
the  16 to  49 region, reduced the reporter gene activity to
basal levels. These results indicated that the intergenic region
of the Oxct2b gene does not contribute to promoter activity,
whereas the sequence from  49 to  16 is necessary for
Oxct2b promoter activity.
We further veriﬁed the functional importance of this frag-
ment, using the internal deletion construct D 49/ 16Luc. As
shown in Figure 4A, the D 49/ 16Luc construct induced a
level of luciferase activity that was not signiﬁcantly higher
than that of the  566/ 50Luc construct. This result indicates
that the  49/ 16 sequence is indispensable for Oxct2b
promoter activity. We postulate that the  49/ 16 sequence
Figure 2. Sequence alignment of the upstream regions of the Oxct2b (GenBank accession no. AB105455) and Oxct2a (GenBank accession no. AB105454) genes.
Identicalnucleotidesarerepresentedbyasterisks;deletionsareindicatedbydashes.Thenumberstotherightofeachsequencearerelativetothetranscriptionstartsite
(23), which is designated as +1. The major putative consensus transcription factor binding sites, as predicted from database analysis using the internet-based
TFSEARCH(http://150.82.196.184/research/db/TFSEARCH.html)areboxed(setatacut-offscoreof85).ThetranslationalinitiationcodonATGatposition+60is
highlighted in gray.
Figure 3. Deletion analysis of Oxct2b promoter activity using in vivo transient
transfection oftesticular germ cells.TheOxct2bpromoterwasdeletedsequen-
tially either upstream (A) or downstream (B) of the transcription start site, and
individual deletions were fused to the luciferase reporter gene. The deletion
constructs were transfected into the seminiferous tubules of mouse testes.
Luciferase activity, which was normalized to that of Renilla luciferase
driven by the OAZt promoter (25), is presented as the mean values (–SEM)
of three independent experiments that were performedin duplicate.*P < 0.05,
**P < 0.01comparedwith 566/+35Luc(A)and 389/+35Luc(B)(ANOVA
followedbyBonferronianalysis).Theluciferaseactivitiesof–566/+35Luc(A)
and –389/+35Luc (B) were set at 1.0.
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pre-initiation complex and for the determination of transcrip-
tion orientation. We examined whether the direction of the
 49/ 16 region was critical for Oxct2b promoter activity.
Figure 4B shows that the level of luciferase activity of the
inverted orientation of the  49/ 16 sequence ( 389/ 16/
 49Luc) was reduced to that of the  389/ 50Luc construct,
which lacks the  49/ 16 region. These results demonstrate
that the  49/ 16 region contains a core promoter to direct
transcription of the gene. To examine whether the  49/ 16
region contains cis-regulatory elements, such as an enhancer,
we positioned the  49/ 16 sequence at the 50 end of  389/
 49/ 16Luc and performed in vivo transient transfection into
testicular germ cells. Figure 4C shows that both orientations of
the re-positioned  49/ 16 fragment failed to upregulate the
luciferase activity of the  389/ 49/ 16Luc construct. These
results suggest that the  49/ 16 sequence does not act as a
cis-regulatory element. The 20 bp sequence that encompasses
the CRE-like motif (Oxct2b-CL) in the promoter region of the
Oxct2b gene is conserved in the mouse paralogue Oxct2a and
human orthologue OXCT2 (Figure 4D), which implies that
this element plays an essential role in Oxct2 gene expression
in spermatids.
To conﬁrm that the Oxct2b promoter directs the reporter
gene in spermatids, we generated transgenic mice using the
 103/ 16EGFP construct, which contains the core promoter
and an additional 50-upstream sequence (Figure 5A) that
affects promoter activity but not cell type-speciﬁcity. Three
transgenic lines were established. EGFP expression was detec-
ted in the testes of the transgenic, but not in non-transgenic
littermates (Figure 5B and C). The EGFP signal in sections of
testes from the  103/ 16EGFP transgenic line was detected
in the innermost layers of the seminiferous tubules and was
restricted to elongating and elongated spermatids (Figure 5D),
as seen in the  566/+35EGFP transgenic lines (Figure 1).
None of the transgenic lines showed EGFP signals in any
organ other than the testis. These results demonstrate that
the sequences upstream from  103 and downstream from
 16 are not necessary for the accurate transcription of the
EGFP reporter gene in the spermatids of transgenic mice.
Figure 4. The  49/ 16 region of the Oxct2b promoter functions as a core
promoter. (A) An internal deletion that extends from  49/ 16 in the  566/
+35Luc construct abolishes Oxct2b promoter activity. In vivo transient trans-
fection of testicular germ cells was performed with D 49/ 16Luc and  566/
 50Luc. (B) Inversion of the  49/ 16 region abolishes the transcriptional
activityoftheOxct2bpromoter.Theconstructs 389/ 49/ 16Lucand 389/
 16/ 49Luc, which carry the correct orientation and inverted orientation of
the indicated region, respectively, were transiently transfected into testicular
germ cells. **P < 0.01 compared with  389/ 50Luc (ANOVA followed by
Bonferronianalysis).(C)The 49/ 16regionactsasacoreelementbutnotas
an activator element. The  49 to  16 fragment that contains Oxct2b-CL was
ligated to the 50 end of  389/ 49/ 16Luc to re-position the core promoter
element, and the reporter gene assays were carried out via in vivo transient
transfection of testicular germ cells. Data are presented as described in the
legendtoFigure3.Theluciferaseactivitiesof–566/ 50Luc(A),–389/ 50Luc
(B) and –389/ 49/ 16Luc (C) were set at 1.0. (D) Alignment of the  49/ 16
sequenceofthemouseOxct2bgenewiththoseofthemouseOxct2aandhuman
OXCT2 (hOxct2) genes. Identical nucleotides are represented by asterisks;
deletions are indicated by dashes. The numbers are relative to the transcription
start site at +1. The Oxct2b-CL consensus is shown in boldface. The highly
conserved region among these genes is boxed.
Figure5.Confirmationofthehaploidspermatid-specificactivityoftheOxct2b
promoterintransgenicmice.(A)Schematicillustrationofthe 103/ 16EGFP
constructusedtogeneratetransgenicmice.(B)Fluorescenceimageofthetestis
from a transgenic mouse together with the corresponding bright-field image
(C).(D)ExpressionofEGFPfluorescenceintesticularsections.Thecellsinthe
innermost layers expressed EGFP.
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CREM protein in testicular germ cell nuclei
The in vivo transient transfection experiments in combination
with the transgene experiments show that the  49/ 16 region
is necessaryfor Oxct2b gene expression in haploid spermatids.
We identiﬁed the CRE-like motif (Oxct2b-CL) TGACGCAG
in the  29 to  22 region (Figure 2 and 4D), in which 3 nt in
the 30-half of the motif differ from the corresponding sites
in the CRE consensus sequence TGACGTCA. To examine
whether the transcription factor(s) in the testis nuclear extract
could bind the Oxct2b promoter, an electrophoretic mobility
shift assay(EMSA)wasperformedusinganoligonucleotideof
the  50/ 10 region as the probe. Some DNA–protein com-
plex bandswere observedusingnuclearextracts fromthe testis
(Figure 6A, lane 3). In addition, the most prominent band was
not observed in the liver sample (Figure 6A, lane 2). The most
prominent gel-shift band was eliminated when the non-labeled
 50/ 10 oligonucleotide and fragments 3 and 4, all of which
contained Oxct2b-CL, were used as competitors (Figure 6A,
lanes 5–7). In contrast, fragment 2 ( 50 to  31), which lacks
Oxct2b-CL, did not compete for this band (Figure 6A, lane 4).
Furthermore, a mutant competitor, in which all eight nucle-
otides of Oxct2b-CL were substituted, could not compete for
complex formation (Figure 6B). These results indicate that the
testicular nuclear protein binds directly to the Oxct2b-CL
motif. The CRE or CRE-like motif is a well-known binding
site for the CREB protein and CREM. We tested the speciﬁc
interactions between CREB or CREM and Oxct2b-CL by
supershift analysis with speciﬁc antibodies (Figure 6C). The
speciﬁc band of the complex was removed by the anti-CREM
antibody, but not by either the CREB or AP-2a antibody,
which indicates that the trans-acting factor involved in this
DNA–protein complex is a member of the CREM family. To
test whether CREM directly binds to Oxct2b-CL in the core
promoter within testicular germ cells, ChIP assays were
performed. Testicular germ cell nuclei were cross-linked by
formaldehyde and the lysates were immunoprecipitated with
CREMorCREBantibodies.PCRampliﬁcationwasperformed
using primers designed to amplify a fragment containing the
Oxct2b-CL within the Oxct2b promoter. The predicted 215 bp
PCR productwas ampliﬁed from samples derived from CREM
immunoprecipitates, but not from samples immunoprecipit-
ated with CREB (Figure 6D). These data demonstrate that
CREM interacts with Oxct2b-CL within the testicular germ
cell nuclei.
To deﬁne in greater detail the binding sequence within the
motif, several Oxct2b-CL mutants were used as competitors
in EMSA with testis nuclear extracts. In this experiment,
a fragment of the  40/ 20 region was used as the probe.
Substitution mutations in the TGACG sequence abolished
the binding capability (m1, m2 and m3 in Figure 6E), whereas
mutations in the CAG sequence did not affect binding capab-
ility (m4 and m5 in Figure 6E). These results indicate that the
50-half of the Oxct2b-CL sequence is crucial for protein-
binding activity. The binding speciﬁcity of Oxct2b-CL was
examined further in a competition experiment with the
CRE-like motif of the testis-speciﬁc angiotensin-converting
enzyme (ACEt), the promoter activity of which has been
demonstrated to be CRE-like sequence (TGAGGTCA)-
dependent in male germ cells (30). The fragment that includes
Figure6.TheOxct2bcorepromoterbindsspecificallytoCREMfactorthrough
anOxct2b-CLmotif.(A)Thetestisnuclearextractbindstothepromoter( 50/
 10) of the Oxct2b gene. Lane 1, without nuclear extract; lane 2, liver nuclear
extract; lanes 3–7, testis nuclear extract without competitor (lane 3), in the
presence of a 100-fold molar excess of unlabeled oligonucleotides 1 (lane 7),
2 (lane 4), 3 (lane 5) and 4 (lane 6), which are shown to the left as competitors.
Thearrowshowstestis-specificproteinbinding.(B)TheOxct2b-CLelementin
the Oxct2b promoter ( 50/ 10) binds a testis-specific nuclear protein. A 100-
fold molar excess of the unlabeled wild-type (wt) or mutated (mut) promoter
fragmentwasusedasthecompetitor.(C)TheCREMfactorbindstotheOxct2b
promoter ( 40/ 20) in vitro. EMSAs were performed with testis nuclear
extracts in the presence of anti-CREM, anti-CREB or anti-AP-2a antibodies,
using a labeled promoter fragment that spanned  40 to  20. (D) The CREM
factor binds to the Oxct2b promoter in germ cell nuclei. Formaldehyde-cross-
linked chromatin prepared from testicular germ cells was immunoprecipitated
with anti-CREM (lane 2) or anti-CREB (lane 3) antibodies. Fragments shown
were amplified using PCR performed with specific primers for the Oxct2b
promoter. A sample of the total input DNA (lane 1) was included in the PCR
analysis. (E) The 50-half of the Oxct2b-CL motif is responsible for binding the
testis-specific protein. The nucleotide sequences of the wild-type probe ( 40/
 20), mutant competitor (m1–m5) and testis-specific ACEt oligonucleotides
are shown in the upper panel. The Oxct2b-CL motif and the positions of the
mutations are shown in boldface and lowercase, respectively. The binding
reactions were performed in the absence of unlabeled nucleotide (lane 1),
and in the presence of a 1-fold (lanes 2, 5, 8, 11, 14, 16 and 18), 10-fold (lanes
3, 6, 9, 12, 15, 17 and 19) or 100-fold (lanes 4, 7, 10 and 13) molar excess of
competitor. The arrow indicates the testis-specific DNA–protein complex.
Nucleic Acids Research, 2005, Vol. 33, No. 10 3407the ACEt CRE-like motif also competed for the testis-speciﬁc
Oxct2b-CL–protein complex (Figure 6E). These data indi-
cate that CREM binds haploid-speciﬁc promoters via the
TGAC/GG sequence, regardless of whether the motif is
included in a core promoter or regulatory elements.
Oxct2b-CL in the core promoter is responsible for
transcription in testicular germ cells
EMSA and ChIP showed that the Oxct2b-CL motif is the
binding site in the Oxct2b promoter that is recognized by testis
nuclear proteins, including CREM. To conﬁrm that the
Oxct2b-CL sequence is necessary for core promoter activity,
we generated a mutant construct (CLmut) in which the
Oxct2b-CL sequence (TGACGCAG) was changed to
CCTTTGGC, which could not bind CREM in the EMSA
(Figure 6B). In vivo transient transfection of CLmut into tes-
ticular germ cells showed that mutation of Oxct2b-CL dimin-
ished promoter activity, with results similar to those obtained
with the  389/ 50Luc construct, which lacks the core pro-
moter (Figure 7). These results indicate that Oxct2b-CL is
essential for promoter activity through binding the CREM
transcription factor. Several studies have demonstrated that
CRE and CRE-like motifs act as activators or enhancers,
but not as core promoter elements in the regulation of
testis-speciﬁc gene transcription (31). If Oxct2b-CL is a cis-
activator, additional Oxct2b-CL upregulates the promoter
activity of the CLmut construct. To examine this possibility,
we re-positioned the  49/ 16 sequence to the 50 end of
CLmut and performed in vivo transient transfection of testicu-
lar germ cells. As shown in Figure 7, the levels of luciferase
activity of the  49/ 16CLmut and  16/ 49CLmut con-
structs were similar to those seen with CLmut and were sig-
niﬁcantly lower than those seen with the  389/ 49/ 16Luc
construct. These results indicate that Oxct2b-CL does not
function as a cis-activator and that no other core promoter
elements are present within the  49/ 16 region.
DISCUSSION
In vivo electroporation is a useful tool for functional
analyses of testicular germ cell-specific gene promoters
The highly ordered process of spermatogenesis, in turn,
requires a precise and well-coordinated programme to regulate
constantly changing patterns of gene expression. The lack of
conventional tissue and cell culture systems that re-capitulate
precisely the coordinated processes of spermatogenesis has
hindered the elucidation of the molecular mechanisms that
govern gene expression during spermatogenesis. In this
study, we have demonstrated the feasibility of using in vivo
transient transfection, which is a combination of intratubular
DNA injection and subsequent in vivo electroporation, for the
functional analysis of testicular germ cell-speciﬁc promoters.
In this technique, foreign DNA sequences are introduced into
Sertoli and germ cells (32). Thus, the values obtained for the
reporter activities in experiments using whole testis represent
the accumulated activities of both cell types, although Oxct2b
promoter activity could not be detected in the somatic cell line
(P. Somboonthum and M. Nozaki, unpublished data), and the
haploid-speciﬁc promoter is dominantly activated in the
spermatids in this system (24). To exclude potential reporter
activity in Sertoli cells, we collected the germ cell fraction and
performed luciferase assays. Since linearized DNA is more
unstable than circular DNA in Sertoli cells (32), we introduced
linear PCR products as reporters. Data validation was per-
formed by transgenic mouse analysis. From these data, we
conclude that this system functions as a simple assay system
for the analysis of the regulatory elements of haploid
spermatid-speciﬁc genes.
ACRE-like elementregulatestheOxct2bcorepromoter
Inthisstudy,wedemonstratedthatthe 49to 16regionofthe
Oxct2b gene functions as a core promoter in testicular germ
cells, because this 34 bp fragment had 2-fold greater luciferase
activitythanthepromoter-lesscontrol,andtheinversionofthis
sequence abolished transcriptional activity in the in vivo tran-
sient transfection assays (Figures 3 and 4A and B). The 34 bp
region, which contains a CRE-like element (Oxct2b-CL) but
lacks any basal promoter elements, such as a TATA box or Inr
sequence(Figure4D),hadnocis-activatoractivity(Figure4C).
Mutation of Oxct2b-CL also abolished the promoter activity,
whichwasnotrestoredbyrepositioningthe 49/ 16regionto
the 50 end (Figure 7). In EMSA, the Oxct2b-CL unit in this
fragment bound exclusively to a protein in the testis nuclear
extract (Figure 6). These results indicate that Oxct2b-CL plays
an essential role as a core promoter element in haploid germ
cell-speciﬁcexpression.CREisaconservedcis-actingelement
that usually comprises the 8 bp palindromic sequence 50-
TGACGTCA-30 (33), although variations of this sequence
exist. CRE-like sequences are present in the regulatory regions
of many spermatid-speciﬁc genes, including those for trans-
ition proteins (TP1 and TP2), Tact1, Tact2, Oazt, ACEt, prot-
amines (P1andP2)andRT7(5,6,17,18,34–37).Inthesegenes,
the CRE-like motif acts as an activator to enhance promoter
activity. In contrast, Oxct2b-CL in the Oxct2b core promoter
cannot function as a cis-activator (Figures 4C and 7). There-
fore, Oxct2b is a very rare example of how the CRE-like motif
is essential for basal promoter activity.
Figure 7. Oxct2b-CL is indispensable for Oxct2b core promoter activity in
testicular germ cells. Reporter gene assays with the 50-upstream constructs,
which comprise  389/ 49/ 16, mutated Oxct2b-CL in  389/ 49/ 16
(CLmut), and the correct ( 49/ 16CLmut) and inverted ( 16/ 49CLmut)
sequencesof  49/ 16 ligated to the 50 end of the CLmutand  389/ 50, were
carriedoutvia invivotransienttransfectionoftesticulargermcells.Theresults
arepresentedasdescribedinthelegendtoFigure4.**P < 0.01comparedwith
the  389/ 49/ 16Luc construct (ANOVA followed by Bonferroni analysis).
The luciferase activity of  389/ 49/ 16Luc was set at 1.0.
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plex process that requires the precise positioning of Pol II on
the core promoter DNA. This is accomplished via a series of
interactions between Pol II and at least six accessory proteins,
namely TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH, which
have been termed GTFs (38,39). Nucleation of the initiation
complex occurs by recognition of a speciﬁc core element. To
date,theTATAboxhasbeenconsideredtobetheprimarycore
element responsible for positioning the basal transcription
machinery on the promoter. Among the GTFs, TFIID is a
multisubunit protein complex that contains the TBP at its
core and TBP-associated factors (TAFs). It is generally accep-
ted that the binding of TBP to the TATA box nucleates the
formation of the transcription pre-initiation complex (PIC),
either through stepwise assembly of other basal factors or
through recruitment of the holoenzyme (40,41). Following
the characterization of more promoters of protein-coding
genes, it has been noted that many genes lack the TATA
box (42). A second core element, Inr, which encompasses
the transcription start site, is sufﬁcient for the positioning
of the basal transcription machinery in the absence of a
TATA box (43). It has also been postulated that the
sequence-speciﬁc transcription factor Sp1 tethers the PIC to
TATA-less promoters by interacting with a component of
TFIID (21,44). However, the Oxct2b promoter lacks the
TATA box, Sp1-binding site, and Inr, which suggests that
Oxct2b-CL plays an essential role in PIC formation in testicu-
lar germ cells. If this is true, Oxct2b-CL-binding factor(s)
should be involved in the formation of the functional PIC
through Oxct2b-CL, that is, Oxct2b-CL at  29/ 22 may
be aplatform forthe assembly of GFTs and forPolIItoinitiate
accurate haploid spermatid-speciﬁc transcription.
CREM involvement in PIC formation in testicular
germ cells
In this study, we found that Oxct2b-CL (TGACGCAG) is
bound speciﬁcally to testis-speciﬁc CREM via the 50-half of
TGACG. The CREM isoform is the same as the CREM that
is bound to the CRE-like motif of the testis-speciﬁc ACEt
promoter (Figure 6). The ACEt promoter is activated by the
CREM testicular isoform through the CRE-like motif (45).
CREM is a member of the CREB family and is involved in
the regulation of gene expression in response to several sig-
naling pathways. CREM proteins are produced as activators
or repressors by the process of alternative splicing. The
N-terminal half of the CREM activator contains an activator
domain (AD) that is made up of glutamine-rich Q1 and Q2
domains and the P-box, which is phosphorylated by various
kinases that regulate the transcriptional potential of these pro-
teins (46). The testis isoform of CREM, which contains the
exons thatencode AD, ishighly expressed after meiosisduring
spermatogenesis (47,48). However, the testis CREM isoform
is not phosphorylated and its transcriptional activity can be
stimulated by interaction with the ACT co-activator in
spermatids (15). Thus, Oxct2b-CL should be bound to the
non-phosphorylated CREM testicular isoform. The Oxct2b
promoter has no TATA box, which suggests that a certain
scaffold of PIC formation is required for Oxct2b promoter
activity. In this regard, full-length CREM and CREMDQ2,
which lack the Q2 domain, were able to bind to TBP and
TAFII130 (TAF4) in GST-pull down assays (49). Therefore,
we postulate a possible mechanism whereby the Oxct2b pro-
moter is activated by a CREM activator, which is mediated
by the recruitment of TFIID to Oxct2b-CL via its interaction
with TAF4 and TBP. In this case, PIC formation does not
necessarily require a TATA box. Alternatively, the AD of
CREM interacts with TFIIAa, as shown by two-hybrid and
co-immunoprecipitation analyses.Thisinteraction is restricted
to the activator isoform of CREM and does not require phos-
phorylation.CREM andTFIIAco-localizeintracellularly(16).
These data indicate that CREM regulates transcription through
binding to TFIIA in spermatids. PIC formation in TATA-less
Pol II promoters is postulated to require speciﬁc interactions
between various factors, including TFIIA (50,51). TFIIA
has been shown to interact with TBP-related factor TRF2
(TLF/TLP) and TBP (52–56), and TRF2 has been suggested
to operate on TATA-less promoters (57–61). Furthermore,
in vivo experiments in which the association of TFIIA and
TRF2 were studied indicated that the TRF2–TFIIA complex is
more stable than the TBP–TFIIA complex, which implies that
TRF2 initiates transcription more efﬁciently through TFIIA
binding than does TBP (62). TRF2 is encoded by two mRNAs
with common protein-coding sequences, but distinct
50-untranslated regions. One of these mRNAs is expressed
ubiquitously, whereas the other shows a restricted expression
pattern and is abundant in the testis (59,61). TRF2-deﬁcient
male mice are viable, but sterile due to late arrest of sperma-
togenesis (63,64). Although the expression of CREM and
many other postmeiotic genes is unaltered in TRF2-null
mice, several spermiogenesis genes that are transcribed in
late-round spermatids appear to be under the control of
TRF2 (63). Based on our results, we propose a model in
which a testicular CREM-dependent TFIIA–TRF2 complex
is formed on Oxct2b-CL, which serves as an efﬁcient scaffold
for the remainder of the PIC in spermatids.
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